The aim of this study is to investigate how chronic hypoxia could affect the autonomic nervous system in fetal mouse (at gestational day 17.5) by using an invasive Fetal Electrocardiography (FECG) technique. Total of 33 pregnant female mice were divided into two groups (sham control (N=13) and chronic hypoxia (N=20)). In chronic hypoxia mice at day 15.5, ligations were placed around the uterine vessels that were tied with nylon thread 0.5 mm in diameter to induce partially chronic hypoxia. Sham mice were operated on in a fashion similarly but without ligation. On 17.5-day beat-to-beat heart intervals were measured for 20 minutes by using an invasive FECG techniques inserting two needle electrodes and a ground. Results show that tone decreases when entropy increases in sham group. On the other hand in chronic hypoxia group tone increases when entropy increases. Therefore, effect of chronic hypoxia is shown to have more pronounced on tone values in the higher range of entropy values (4.2~6.0). Differences in hypoxic effect on individual fetal mice might represent the differences in maturating sympathetic nervous system because chronic hypoxia induces more sympathetic influences in fetal mice.
Introduction
Chronic placental insufficiency such as hypoxia was reported to cause abnormal brain development with neurological disorders such as cerebral palsy, schizophrenia, and cognitive deficits [1] . Mouse models with genetic manipulations are frequently used to study embryonic development to understand how maternal factors influences fetal development [2] . Since humans and mice use similar genes during development, physiologists get valuable information from a mouse model about how an embryo and its placenta develop over time. Compared to a human pregnancy lasting nine months, a mouse fetus develops quickly, taking only three weeks to get from a one-cell embryo to a fully-grown mouse [3] . In another study [4] the acutely anesthetized pregnant mouse was found to be an excellent model for the experimental investigation of hemodynamic coupling between the developing embryo, maturing placenta, and maternal environment [4] .
In most of the recent studies in mouse embryos, ultrasonic methods such as 2D echocardiography, Mmode, and pulsed wave Doppler have matured into valuable tools were used to analyze the cardiovascular system of the adult mouse [5] and the developing embryo [6;7] . Large number of mouse models with congenital heart defects, many of which result in early embryonic mortality [8] , has resulted in a need for new technologies that allow the study of cardiac form and function in utero in mouse embryos.
The first organ to develop and function in embryo is the heart. Because of the availability of genetic variants, either natural or transgenic constructs, embryonic mouse nervous system is an ideal model to understand the functioning of autonomic nervous system. Beat to beat hear rate variability from ECG signal provides a noninvasive way to monitor the activity of autonomic nervous system [9] .
In our previous paper [10] , we demonstrated the procedure to monitor and follow cardiac autonomic nervous system development in utero by Electrocardiography approach. However, there have been no studies to look at how chronic hypoxia affects the autonomic nervous system. Therefore the aim of this study is to develop a fetal Electrocardiography system to look at how cardiac autonomic nervous system is affected by chronic hypoxia to fetal mice.
Methods

Mice and samples
The experiments in this study were conducted in accordance with the Tohoku University guidelines for animal experimentation. The experimental protocol in this study was approved by the Tohoku University Committee for Safety Management of Animals. Total of 33 female mice of type C57BL/6N with body weight of 18-22g (9-14 weeks) were used in this study. Out of them 20 fetuses were induced chronic hypoxia and 13 cases were sham undergoing only surgery without hypoxia being induced. Mice were purchased from CLEA Japan Inc and housed in cages under control lighting of 12:12h light-dark cycle and temperature of (24 C).
Animal preparation and surgery
Mice were bred overnight marking gestation day 0 (GD 0) under specific pathogen-free conditions at the Animal Research Institute of Tohoku University in Japan. On the day 12 subcutaneous ketamine (Ketalar 500 mg Daiichi-Sankyo: 100 mg/Kg) and xylazine (ROMPUN INJ. SOLUTION 2% Bayer; 10 mg/Kg) were used to anesthetize the mice and maintained with inhalational isoflurane (Forane AbbVie Inc.: 0.5%, 260 ml/min). Temperature and humidity were controlled at 36.5±1°C and 65±10%, respectively, during the surgery. Maternal abdomen was depilated with commercial hair removal cream (Veet, Reckitt Benckiser Group plc, Slough, England, UK), and this was followed by an abdominal midline incision. The maternal uterine horns containing 2-8 fetuses were exposed on day 15.5 gestation. Ligation of uterine artery was performed by partially occluding the uterine artery with nylon wire. Hypoxic condition was measured by partial O2 pressure in placental tissue PO2 Monitor (POG-203: Unique Medical Co.,Ltd. Tokyo, Japan, PO2=20±3.1 mmHg for chronic hypoxic condition). In the sham control group cases, no occlusion was done (PO2= 28±7.5 mmHg).
Fetal Electrocardiography(ECG)
On day 17.5 of gestation ECG signals of pregnant mice were recorded using biomedical amplifier and recording system (Polymate AP1532®:TEAC, Tokyo, Japan).Starting with laparotomy to expose both uterine horns and once heart rate was in stable condition, ECG measurement was started (figure 1) by using fetal electrocardiography (FECG) [11;12] . FECG in the International Patent Application Number: PCT/JP2006/316386 and Clip-release cycles in the Japanese Patent Application Number 2009/176683. In mice, reassuring fetal status was suggested by a fetal heart rate variability ranging between 120-250 beats per minute (bpm). Fetal heart rate (FHR) was noted to vary according to the fetal number. Figure 1 . Electrocardiography measurement form pregnant mice underwent surgery on day 17.5 of gestation to monitor the heart rates of both the mother and the fetuses.
Fetal HRV indices and Statistics
Tone-Entropy(TE) Features
Let, HRi represents the series corresponding to any of heart rate and defined as following HR= HR 1 ,HR 2 , ,……, HR N (1) where N is the total number of beats considered for the analysis (i.e., N = 400).
In TE analysis, the percentile changes as beat-to-beat heart rate are calculated after normalization by the previous beat as follows
There are increased heart rate if HRi+1 > HRi. Tone is defined as a first order moment (arithmetic average) of the PI time series as
Entropy is defined from the probability distribution of PI series by using Shannon's formula Entropy=-p i log 2 p i n i=1 (4) where p(i) is a probability of PI having values in the range i < PI < i+1, where i is an integer and n is the number of bin where, p(i)≠0. Fig. 1 demonstrates the step-by-step calculation of Tone and Entropy values from heart rate signals.
Results and Discussion
Figures 2 & 3 show four examples of beat-by-beat
fetal heart rates and the histogram profiles estimated from 2 cases in sham group and 2 cases in chronic hypoxia group. In Fig 2, the ranges of PI are different between sham and chronic hypoxia cases resulting in differences in entropy values as shown in Fig 4. On the other hand, in Fig 3, the ranges of PI are not difference the sham and chronic hypoxia cases but portions of positive changes were higher in chronic hypoxia case (Fig. 3 B) resulting in differences in Tone values between the two groups as shown in Fig 4. (A) (B) Results show that tone decreases when entropy increases in sham group. On the other hand in chronic hypoxia group tone increases when entropy increases ( Fig  4) . Therefore, effect of chronic hypoxia is shown to have more pronounced on tone values in the higher range of entropy values (4.2~6.0). Table I summarizes the mean ±SD values of mean HR, SD HR, RMSSD HR, Tone and Entropy values of HR from both groups. Statistically (p<0.05; rank sum U test), group difference was only found in Tone values.
Percentile change of the successive heart rates with respect to the previous heart rate is expressed as the percentage index (PI). Tone is the balance between accelerations (PI > 0) and inhibitions (PI < 0) of the heart rate and represents the sympatho-vagal balance [11] . The entropy evaluates total acceleration-inhibition activities. Higher value of tone means sympatho-vagal balance is shifted more to heart rate accelerations representing more sympathetic influences. On the other hand, higher entropy reflects more influence from parasympathetic nervous system. From these results it could be speculated that chronic hypoxia induces more sympathetic influences in fetal mice with higher tone values as compared to control group when entropy is higher that 4.2.
In summary, the ability of fetal ECG to assess fetal heart rate and fetal heart rate variability in fetal mice undergoing chronic hypoxia in the last half of pregnancy makes it a valuable tool for neurodevelopmental research. 
